Abstract-Plug-in hybrid electric vehicles (PHEVs) provide much promise in reducing greenhouse gas emissions and, thus, are a focal point of research and development. Existing on-board charging capacity is effective but requires the use of several power conversion devices and power converters, which reduce reliability and cost efficiency. This paper presents a novel three-phase switched reluctance (SR) motor drive with integrated charging functions (including internal combustion engine and grid charging). The electrical energy flow within the drivetrain is controlled by a power electronic converter with less power switching devices and magnetic devices. It allows the desired energy conversion between the engine generator, the battery, and the SR motor under different operation modes. Battery-charging techniques are developed to operate under both motor-driving mode and standstillcharging mode. During the magnetization mode, the machine's phase windings are energized by the dc-link voltage. The power converter and the machine phase windings are controlled with a three-phase relay to enable the use of the ac-dc rectifier. The power converter can work as a buck-boost-type or a buck-type dc-dc converter for charging the battery. Simulation results in MATLAB/Simulink and experiments on a 3-kW SR motor validate the effectiveness of the proposed technologies, which may have significant economic implications and improve the PHEVs' market acceptance.
O
VER the last two decades, electric vehicle and plug-in hybrid electric vehicle (EV/PHEV) technologies have taken a significant leap forward, primarily aided by advances in electrical motor drives, power converters, batteries, and system configuration. However, the range anxiety, long recharging times, and high cost remain to be barriers limiting their widespread [1] - [3] . EVs/PHEVs represent a cost-sensitive market, and new technologies are still evolving to improve their system performance and component integration while driving down the cost. Historically, high-performance permanent-magnet (PM) [16]) machines are the preferred motor-drive option, owing to their high power density and high efficiency. Nonetheless, these PMs (e.g., NdFeB) are made of rare-earth materials that have limited reserve and significant environmental impacts. Recently, concerns over the reserve and supply security have driven a move toward developing rare-earth-free or rare-earth-less machines [3] - [7] . Among these, switched reluctance machines (SRMs) have received increasing attention in electrified automobiles. They have shown advantageous performance in terms of low cost, high robustness and reliability, high temperature, and high-speed operation [3] - [5] , [8] - [13] .
In EVs/PHEVs, the on-board charger is limited to Level-1 charging power level with charging power less than 3 kW and input voltage less than 230 V due to weight, space, and cost constraints. As a result, the charging time for passenger cars is typically 5-12 h. Levels 2 and 3 can provide faster charging capability and have started to penetrate into the EV market [14] , [15] . More information about charging power levels is given in Table I .
New fast-charging technologies are rapidly developing. A current trend is to develop high-power on-board chargers to overcome range limitations [15] , [17] . This is achieved by improving converter technologies [18] , integrating the charger with the converter [19] , or integrating the charger with the drive motor [20] - [22] . The first route is exampled in [18] , which describes a three-port dc-dc converter with power factor correction. The second route is presented in [19] by integrating a bidirectional ac-dc charger with the dc-dc converter. In this case, the charging system can control energy flow between the highvoltage bus and the battery pack, but its circuitry is complicated, and the available power flow modes are limited. The third route is to integrate the on-board charger with the drive motor so as to utilize the machine windings for charging purposes. A 20-kW PM split-phase motor drive is specially designed for EV charging [20] , but it suffers from low charging power (< 3 kW) and high harmonic contents in the back electromotive force (EMF). Compared with PM motor drives, reluctance motor drives are more suited for mass production EV/PHEV applications, primarily owing to their rare-earth-free feature and widerange torque-speed characteristics. A 2.3-kW SRM in [21] with an asymmetrical half-bridge converter can provide on-board charging and power factor correction functions. However, a boost-type front-end dc-dc converter is externally equipped, making this topology less practical and flexible for the target application. Based on the same motor, an integrated SRM charger is later developed [22] to use standard three-phase intelligent power modules for building a four-phase full-bridge converter. This modularization makes mass production easier, but the use of a full-bridge topology reduces system reliability (e.g., shoot-through issues). Moreover, the charging mode with the dc voltage supply is omitted, which is relevant to this work. Given that there does not exist a satisfactory on-board motor charger for PHEVs, this work is set out to fill the gap by proposing a new integrated versatile switched reluctance (SR) motor charger.
Generally, the on-board chargers are equipped with ac-dc rectification and voltage regulation in order to achieve a required voltage level. However, meeting the varying input and output voltage/power requirements is difficult. From the input side of the charger, the options can be either dc or ac (singlephase or three-phase). Nevertheless, there is no consensus on the voltage/power levels in industry. From the output side, the battery would exhibit a wide voltage range under different stateof-charge (SOC) conditions and charging currents. This paper presents a digital signal processor (DSP)-based SR motor drive for PHEVs with integrated charging capacity. There are two main working modes for PHEVs with the proposed chargers: driving and charging. During the driving mode, the SR motor can be directly powered from the enginegenerator set, the battery, or a combination of the two. During the charging mode, a buck-boost dc-dc converter or a buck dc-dc converter can be selected to suit the voltage levels of the power source and on-board battery for charging. The novelty lies in that the on-board charger utilizes SR machine windings and fewer power switches for fast charging, and the power source can be either the grid or the internal combustion engine (ICE) generator, either dc or ac (single-phase or three-phase) power supply.
II. PROPOSED SR MOTOR DRIVE
A schematic of the proposed PHEV electrical drive is shown in Fig. 1 . It includes an ac generator (G), a diode bridge rectifier (RE), a dc-link capacitor (C), a modified C-dump converter, and a battery pack (B). The drive system can provide the required drive torque and battery charging in two different operational modes. Moreover, relays R, J 1 , and J 2 are added to the circuit to achieve different operational modes. The generator is mechanically coupled with a small ICE and, thus, produces three-phase ac power as the output. The ac power is then converted into dc by a three-phase rectifier so as to power the SR motor and to charge the battery. The C-dump converter only requires four power metal-oxide-semiconductor fieldeffect transistor (MOSFET) switches and four diodes to allow for independent phase current control and phase overlapping.
The power flow between the generator, the SR motor, and the battery for motoring, generating, and charging operations is shown in Fig. 2 .
A. Motor Drive Modes
In the motor drive modes, R is closed for propulsion. The PHEV can be operated with the generator-alone, the batteryalone, hybrid power supply, or hybrid drive charging.
1) Configuration of the Generator-Alone Drive:
When operated with the generator-alone mode, R is closed, and J 2 is open in Fig. 1 . This forms a commonly used (n + 1) switch converter (also known as the Miller converter). Traditionally, the operation of the Miller converter depends on switch S 0 . If it is broken or open-circuited, the converter cannot operate. Therefore, this topology is not as prevalent as unsymmetrical inverters used in HEV/EV applications. Moreover, their phase isolation can also provide fault tolerance.
In this proof-of-concept work, a MOSFET-based converter is developed to control a 3-kW prototype motor drive. In the fullscale implementation, press-pack insulated-gate bipolar transistors (IGBTs) are employed to overcome the issue associated with the Miller converter. Since these devices have unique short-circuit characteristics under fault conditions, the proposed topology can still operate by angle control in the event of a device failure.
Moreover, the proposed topology utilizes less switching devices (only four active switches) and diodes but offers similar functionality to a six-IGBT unsymmetrical inverter for the target application. Power flow in this mode is shown in Fig. 2(a) .
2) Configuration of the Battery-Alone Drive: In this mode, the ICE is shut off, and J 1 − J 2 are switched on. Effectively, it also forms a Miller converter for the SR motor drive. The vehicle is operating at the pure electric propelling mode, and its power flow between the battery pack and the SRM is illustrated in Fig. 2(b) .
3) Configuration of the Hybrid Drive:
In the hybrid drive model, J 1 and J 2 are closed, and the power flow between the power sources (generator and battery) and the sink (motor) is controlled by the electric power converters. As in Fig. 2(c) , the SR motor can be powered by a combination of the generator and battery pack to meet a heavy-load condition, such as rapid acceleration or steep-hill climbing.
4) Configuration of the Hybrid Drive Charging:
At lightload conditions, the generator drives the vehicle and charges the battery simultaneously if the SOC of the battery reaches a low limit. The generator's output power is split between the traction SR motor and the battery, as shown in Fig. 2(d) . In this case, the engine normally operates in its optimal region for fuel efficiency and low emissions, while the battery pack acts as an energy buffer, wherein it is responsible for both the peaking power required by additional traction demand and regenerative energy (e.g., downhill or braking).
B. Generating Mode
This is the mode for the generator to charge the battery without any involvement of the SR drive, as shown in Fig. 2(e) . This is different to the regenerative operation.
C. Battery-Charging Mode
The battery pack can be charged by the external power supply, whose power flow is demonstrated in Fig. 2(f) . When in this charging mode, the drive motor and the gears need to be disengaged for safety purposes. In addition, relay R is also open to disconnect the three-phase windings. This enables singlephase or three-phase charging from the rectifier.
A three-phase nonisolated dc-dc converter system is formed by the phase windings and switches, providing high efficiency and power density. By controlling the switches S 0 − S 3 , either a buck-boost or a buck dc-dc converter can be configured to match the different voltage levels of the power source and batteries.
1) Buck-Boost-Type Charging: When the input voltage is lower than the battery voltage, S 0 is turned on, and S 1 , S 2 , and S 3 are simultaneously controlled with the same pulsewidth modulation (PWM) scheme. The three-phase circuit is given in Fig. 3 , assuming identical inductors and switches in each phase. Because the three phases are connected in parallel and the onstate resistance of power MOSFETs has a positive temperature coefficient, the current in each phase is balanced so that the power switches are equally stressed.
2) Buck-Type Charging: When the input voltage is higher than the battery voltage, switching devices S 1 , S 2 , and S 3 are turned off, and S 0 is controlled with a PWM scheme. The winding inductances of SRM are connected in parallel in this configuration, as shown in Fig. 4 , wherein L eq denotes the equivalent inductance.
III. CONTROL SCHEME FOR THE INTEGRATED CHARGER
Battery charging can be achieved under the motor drive and battery-charging conditions.
A. Motor Drive-Charging Control
In the motor drive mode, both the SR motor speed and charging current are regulated by controlling the commutation angle of each phase switching device S 1 , S 2 , and S 3 , and applying PWM control to the main switch S 0 . In this mode, there are four operating states: a magnetizing state, a freewheeling state, and two battery-charging states. The four states are illustrated in Fig. 5 with phase a as an example.
For SR motors, there is good magnetic isolation between phases [22] , and thus, the mutual inductance is negligible. If the voltage drop across switches and diodes are also ignored, the phase voltage of the SRM can be expressed as
where the rotor position relative to the stator. The phase incremental inductance l and the back-EMF e Lk are
Equation (1) can also be given by
When S 0 and S 1 are turned on during excitation, as shown in Fig. 5(a) , L a is at magnetizing state. The phase a winding is subjected to the positive dc-bus voltage, and U in is powered by G through switches S 0 and S 1 . During this period, L a is energized, and torque is produced in the SR motor.
When S 0 and S 1 are off as in Fig. 5(b) , the circuit is at the charging-I state. The stored energy in the phase winding is released to charge battery B through D 0 and D 1 . The demagnetization current i Lk quickly decays. The phase voltage and current can be derived by
where U B is the battery voltage. The negative voltage across the phase winding can speed up the phase current decay and eliminate the generation of the braking torque. When S 0 is turned off and S 1 is on as in Fig. 5(c) , the phase a current in L a freewheels through S 1 and D 0 . The phase voltage becomes zero. That is,
When S 0 is on and S 1 is off as shown in Fig. 5(d) , the circuit is at the charging-II state. When U in is larger than U B , the phase winding can continue to charge the battery; otherwise, the winding is demagnetized. In this configuration, all the phases can be independently controlled, allowing overlap between the three phases, which is advantageous for high-speed SR motor operation. The phase voltage equation is given by In SR motors, a defined voltage is applied to each phase with a controllable PWM duty cycle and a turn-on angle. The PWM is controlled by the duty ratio of the switches, and the effective phase voltage is modulated to have the desired phase current waveform. The corresponding driving interval and charging interval are all changed accordingly, as shown in Fig. 6(a) . With turn-on angle control, the phase is energized in the minimum inductance region before the phase inductance rises, so are the torque and battery-charging current [see Fig. 6(b) ]. By turn-off angle control, the battery-charging current can be controlled, as illustrated in Fig. 6(c) . By controlling the PWM, turn-on angle and turn-off angle, the required torque and charging current can be realized.
B. Battery-Charging Control
In this mode, the battery is charged by the generator or by an external power source. The SR motor drive and winding inductance are used to incorporate a new topology for different charging voltages. If the input voltage is lower than the battery voltage, the charger works in the buck-boost mode. When S 0 and S 1 turn on, winding inductor L a is charged by the input voltage, as shown in Fig. 7(a) . The battery charged by the inductor freewheeling current is illustrated in Fig. 7(b) .
In Fig. 7(c) , the battery is simultaneously charged by both the input voltage and the inductor. The corresponding voltage equation can be expressed as
Because the SR motor has a double saliency structure, phase inductors L a , L b , and L c are different, depending on the rotor position. When three-phase power MOSFETs are operated as a single switch, three-phase currents of different magnitudes flow to the battery simultaneously. In order to improve efficiency and thermal distribution, a current-sharing control method is needed, which can be achieved by either pulse current control or constant voltage control. The two cases are illustrated in Fig. 8(a) and (b) , respectively. In the pulse current control, equal current sharing is simply realized by specifying a reference current. In the constant voltage control, the current reference is calculated from the output voltage error in the proportional-integral control loop.
In the buck-type battery-charging mode, S 0 is turned on, and the input provides energy to the battery pack as well as to the inductor, as in Fig. 9(a) . When S 0 is turned off, the inductor transfers its stored energy to the battery through D 0 , as shown in Fig. 9(b) .
The dc-dc converter can operate in both continuous and discontinuous modes. In the continuous conduction mode (CCM), the phase current can be expressed as where D, T s , I k0 , and I km represent the duty ratio, switching period, initial phase current, and maximum phase current, respectively. By employing the three-phase equations I max = I am + I bm + I cm and I min = I a0 + I b0 + I c0 , the charging current is expressed as
In the discontinuous conduction mode (DCM), the charging current is the pulse current. The winding current is
The charging current is expressed as
IV. SIMULATION AND EXPERIMENTAL RESULTS
In order to verify the proposed topology and control method, simulation in MATLAB/Simulink and experiential work on a prototype are carried out.
A. Simulation Tests
A three-phase 12/8 SR motor drive charger is modeled in the simulation. The generator-alone driving mode [see Fig. 2(d) ] is simulated under the angle control and PWM control. Due to the lagging phase current as a result of the phase winding inductance, the switch is turned on before the inductance rises and is turned off at the inductance-rising region. Owing to the presence of the back-EMF and the battery voltage, the phase current quickly decreases, as shown in Fig. 10 . When the lagging turn-on angle is used (see Fig. 11 ), the turn-off angle is triggered in the inductance-decreasing reign, resulting in diminished torque and increased battery-charging current. These offer a means of torque regulation over a wide speed range, which is of importance for constant current-charging mode. The individual phase of the SR motor is turned on at a constant turn-on angle, and two different dwell angles (22.5 • and 18.75
• ) are achieved by delaying the turn-off angles. Fig. 12 shows that the battery-charging current can be controlled in accordance with the dwell angle. However, this results in limited torque variations. The decaying phase current is controlled by the battery voltage level, which can suppress the braking torque.
The effective voltage on the phase inductor can be also controlled by the duty ratio of the main switch. Fig. 13 provides comparisons of torque and current at different duty ratios of the main switch. Torque 1 and i B1 have higher duty ratios than Torque 2 and i B2 and, thus, higher torque and charging current. By using the proposed current-sharing control, the average phase current is approximately equal, despite the three phases having different current ripples. 
B. Experimental Tests
A photograph of the experiment setup is presented in Fig. 15 . A programmable power supply is used to simulate power supply from the generator; a TMS320F28335 DSP is employed as the controller; and a 39.5-V lead-acid battery is employed as the energy storage equipment. The test motor is a 12/8 SR motor with ratings of 300-V voltage, 3-kW power, and 1500-r/min speed. A magnetic brake acts as the load with a rated torque of 10 Nm. Fig. 16 shows the experimental results for the turn-on angle control, with a 50-V input voltage and a 1-Nm load torque. Fig. 16(a) and (b) agrees well with the simulation results in Figs. 10 and 11, respectively. Fig. 17 presents the experimental results for the PWM control. As the effective voltage increases, the rotor speed and battery-charging current increase. These results agree with the simulation results in Fig. 13 . The experimental results in Fig. 18(a) and (b) are for different turn-off angles with a constant turn-on angle. In this experiment, the battery voltage is set to 13 V. By delaying the turn-off angle, the battery-charging current is increased, which coincides with the simulation results. Overall, the test results of the PWM control, turn-on angle control, and turn-off angle control justify the effectiveness of the proposed control schemes. Fig. 19(a) , the speed is stabilized within 600 ms. Similarly, when the load reduces from 1 Nm to no-load, the machine speed is adjusted within 600 ms, as in Fig. 19(b) . Fig. 19 (c) presents transient change with continuous load relief. The speed can still be easily controlled. Fig. 19(d) and (e) shows the experimental results without and with braking, respectively. The machine speed decreases to zero within 200 ms with braking. Fig. 19(f) demonstrates transient progression from the generator-alone drive mode to the battery-alone drive mode. As can be seen from these diagrams, the speed can be readily controlled at given speed demands (high or low speeds).
The battery-charging modes are also tested under low-and high-input-voltage conditions. When the input voltage (27 V) is lower than the battery voltage (39.5 V), the converter works in the buck-boost mode. Fig. 20(a) and (b) presents the experimental results without and with current-sharing control, respectively. As can be seen, the peak currents are different without current-sharing control but become equal with currentsharing control. When the input voltage (60 V) is higher than the battery voltage, the converter works in the buck mode. Fig. 21 illustrates the DCM and CCM results for the 500-Hz switching frequency. In DCM, the battery-charging current is a pulse current, whereas in CCM, this is a continuous current.
V. CONCLUSION
In order to enhance the market adoption of PHEVs, this paper has proposed a new SR motor drive used as an integrated grid/ICE charger for fast on-board charging.
The main contributions of this paper are as follows: 1) a novel topology for PHEVs is developed, which utilizes the onboard power supply and SR motor for battery charging and motor drive operations; 2) the converter for driving/charging functions employs less power switching devices than conventional converters; 3) the SR motor phase winding inductors are utilized for fast-charging purposes; and 4) new batterycharging control schemes are proposed to minimize the current distribution differences.
Since PHEVs represent a mass-production industry, the developed technologies from this work will have significant economic implications in addition to environmental benefits. They can be also applied to unsymmetrical inverters but may not achieve the diverse functionality of mode switching described in this paper. However, because this is a proof-of-concept project, the power rating is still relatively low. In further work, the motor-charger system will be scaled up to 60 kW based on press-pack IGBT power devices. These devices have unique short-circuit features under fault conditions so that the proposed topology is capable of operating with angle control in the event of a device failure.
